reasons and biofuels are regarded as a potential solution to current energy issues. This 23 study analyzes the energy balances and greenhouse gas emissions of 24 different 24 technology scenarios for the production of algal biodiesel from Nannochloropsis 25 cultivated at industrial scale in photobioreactors in Denmark. Both consolidated and 26 pioneering technologies are analyzed focusing on strengths and weaknesses which 27 influence the performance. Based on literature data, energy balance and greenhouse 28 gas emissions are determined in a comparative 'well-to-tank' Life Cycle Assessment 29 against fossil diesel. Use of by-products from biodiesel production such as glycerol 30 obtained from transesterification and anaerobic digestion of residual biomass are 31 included. Different technologies and methods are considered in cultivation stage 32 (freshwater vs. wastewater; synthetic CO 2 vs. waste CO 2 ), harvesting stage 33 (flocculation vs. centrifugation) and oil extraction stage (hexane extraction vs. 34 supercritical CO 2 extraction). The choices affecting environmental performance of the 35 scenarios are evaluated. Results show that algal biodiesel produced through current 36 conventional technologies has higher energy demand and greenhouse gas emissions 37 than fossil diesel. However, greenhouse gas emissions of algal biodiesel can be 38 significantly reduced through the use of 'waste' flows (nutrients and CO 2 ) but there are 39 still technical difficulties with both microalgae cultivation in wastewater as well as 40 transportation and injection of waste CO 2 . In any way, a positive energy balance is still 41 far from being achieved. Considerable improvements must be made to develop an 42 environmentally beneficial microalgae biodiesel production on an industrial scale. In 43 particular, different aspects of cultivation need to be enhanced, such as the use of 44 wastewater and CO 2 -rich flue gas from industrial power plants. The best existing technologies for algal biodiesel production via PBRs have 48 been compared. 49
•
Fossil diesel has been taken as reference product. 50
• Energy balance and greenhouse gas emissions have been evaluated. 51
• Algal biodiesel has higher impacts compared to fossil diesel. 52
Great improvements must be achieved to develop algal biodiesel on industrial 53 scale 54 1 Introduction 58 The use of fossil fuels is increasingly problematic from both an economic and an 59 environmental point of view. It has been necessary to identify compatible mitigation 60 strategies to avoid the exhaustion of fossil fuels and minimize the excess of CO 2 61 emissions related to energy production (Ribeiro et al., 2007) . In recent times, the 62 European Commission has presented the EU Directive 2009/28/CE aiming to establish 63 a target of 20% share of renewable energy sources in energy consumption by 2020. In 64 this context at least 10% of the energy for transportation must be based on renewable 65 energy sources (European Commission, 2009). As a renewable energy source, 66 biofuels are an attractive alternative to current petroleum based fuels (Festel et al., Due to several features, algae are regarded as a promising source of biofuels and are 74 considered an interesting alternative to current biofuel crops (Singh et al., 2011; Aitken 75 et al., 2014) . The production of fuel from algae provides many advantages: algae do 76 not compete with land use and crop production since they are aquatic organisms; their 77 growth rate is higher than that of terrestrial plants from which the first-generation 78 biofuels derive (Scott et al., 2010 
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On the other hand, there are several difficulties associated with the production of the 84 third-generation biofuels and, until now, their commercial production has not been 85 achieved on industrial scale in a cost-efficient manner (Biofuel.org.uk, 2010 
harvesting, drying, oil extraction, transesterification, anaerobic digestion of residual 137 biomass with subsequent biogas combustion to generate energy (Zhang et al., 2013) , 138 and use of the by-product glycerol for the synthesis of propylene glycol. Substitution by 139 system expansion was considered for biogas production and glycerol use. Substitution 140 of glycerol in the production of propylene glycol has been chosen since this use is 141 claimed to be the most economically attractive within the chemical industry (Pagliaro 142 and Rossi, 2010). The algae selected was Nannochloropsis cultivated in flat panel 143
PBRs and the production was assumed to be located in Denmark. Manufacturing, 144 facilities maintenance, and use of infrastructures were not taken into account, except also construction materials in the assessment, find that those materials contribute less 149 than 1% to the cumulative energy demand (CED). The biodiesel combustion is not 150
included by system boundaries. 151
Life cycle inventory (LCI)
152 All main inventory data are shown in Table 1 . As indicated most of the data were 153 compiled from previous works and were adapted to a Danish scenario ( 
Scenarios 157
A summary of the cultivation system and technologies assumed for each of the 24 158 scenarios are reported in Table 3 . As shown, cultivation in either freshwater (scenarios 159 from 1 to 6) or wastewater (scenarios from 7 to 12) were considered. The algae require 160 an injection of CO 2 into the growth medium for optimal growth and each scenario 161 alternatively assumed the use of either pure CO 2 (where the carbon dioxide is delivered
in tanks) or waste CO 2 (named wCO 2 , with flue gas pumped from a nearby cement 163 production plant into the PBRs). In the harvesting stage, three techniques were 164 assessed: flocculation with aluminum sulfate (scenarios 1, 4, 7, 10), flocculation with 165 lime (scenarios 2, 5, 8, 11), and centrifugation (scenarios 3, 6, 9, 12). Finally, both 166 hexane extraction (scenarios 1, 2, 3, 7, 8, 9) and sCO 2 (supercritical CO 2 ) extraction 167 (scenarios 4, 5, 6, 10, 11, 12) were assessed in the oil extraction stage. 168
Consolidated technologies of the current market (i.e. flocculation, centrifugation, 169 extraction with hexane, algal cultivation in freshwater and with pure CO 2 ) have thus 170 been compared with advanced technologies not implemented on large scale (i.e. use of 171 wastewater and waste CO 2 , and extraction with sCO 2 ). The next sections, describe 172 each stage in details. 173
Algal biomass cultivation and harvesting 174
Inventory data for cultivation and harvesting are showed in Table 1 and parameters 175 used for modeling the Nannochloropsis cultivation in PBRs are illustrated in Table 4 . 176
The wastewater scenarios did not involve synthetic nutrients since wastewater is 177 supposed to contain an adequate amount of nutrients to serve as a suitable growth 178 medium for microalgae (Pittman et al., 2011). The CO 2 taken up during algal growth 179 was subtracted from the total amount of CO 2 emissions in both 'pure CO 2 ' and 'waste 180 CO 2 ' scenarios, whereas the CO 2 emissions from the production process of pure CO 2 181 are accounted for. 182
The water content of wet algal biomass after harvesting is assumed to be about 70% 183 . 184
Drying and algal oil extraction 185
Inventory data for drying and algal oil extraction are showed in Table 1 . Drying stage 186 was only assumed to be a requirement for hexane oil extraction since sCO 2 extraction 187 is carried out directly from wet biomass (Xu et al., 2011; Mendes et al., 1995) .
We assumed the use of thermal dryers with an energy consumption around 3.3 MJ per 189 kilogram of evaporated water (Xu et al., 2011) . 
Transesterification and use of glycerol 206
The amount of electricity and heat used in transesterification stage are shown in Table  207 1. The conversion efficiency was hypothesized 98% (Brentner et al., 2011) and the 208 catalyst used was methanol. The avoided production of propylene oxide has been 209 calculated on the basis of the stoichiometric ratio and the process yields of the involved 210 reactions. Data for propylene oxide to propylene glycol were from Ecoinvent 2. In general, GWP of biodiesel scenarios is one order of magnitude higher than GWP of 242 fossil diesels (black column, Fig.2 ). Only the last three scenarios (Sc10-wCO 2 , Sc11-243 wCO 2 and Sc12-wCO 2 ) show GHG emissions similar to or lower than those of fossil 244 diesel. The last three scenarios achieve the best performances also considering non-245 renewable energy consumption ( Fig. 3) , even if this is considerably higher compared to 246 fossil diesel. This indicates that the coupling of the 'waste flows' for algal cultivation 247 with the use of sCO 2 for algal oil extraction -that avoids the drying stage -could be an 248 Interesting information is provided by the 'non-renewable energy investment in energy 256 delivered' (NEIED) (Yang and Chen, 2012) . NEIED is expressed as the ratio between 257 the non-renewable energy used directly and indirectly in the production process and 258 the energy content in the biofuel. In this study the NEIED is >1 in all 24 scenarios. In 259 particular, in our simulations algal biodiesel production requires from 20 MJ (Sc10-260 wCO 2 ) to 90 MJ (Sc3-CO 2 ) for producing 1 MJ of biodiesel. These values are very high 261 Holma, A., Koponen, K., Antikainen, R., Lardon, L., Leskinen, P., Roux, P., 2013. 
Detailed description of LCI data
The following detailed tables describe which flows are used and their correspondent processes in Gabi and which database has been used. The processes considered are cultivation ( 
LCIA: the relative contributions of each unit process in cultivation phase
In this section, it is possible to observe the different processes used for cultivation and their relative weights to GWP and non renewable energy consumption for each case: freshwater cultivation and "pure CO 2 ", wastewater cultivation and "pure CO 2 ", freshwater cultivation and waste CO 2 , wastewater cultivation and waste CO 2 . .4: contribution of each process unit in wastewater cultivation when waste CO 2 from a nearby cement industry is considered. In this case the unit processes considered are: wastewater (already enriched by phosphorus and nitrogen) in which CO 2 is added, electricity for mixing and pumping CO 2 and LDPE for PBR construction. In this case, the nutrients are not added to the water and since CO 2 is a waste flow, the negative contribution of CO 2 indicates that the flow does not take into account its production process
